We have identified, purified, and characterized a high-mobility-group (HMG) High-mobility-group (HMG) proteins are a class of abundant nonhistone chromosomal proteins found in the eukaryotic nucleus. HMG proteins have been studied extensively in vertebrates and because of their relative abundance, high degree of conservation, and DNA-binding properties, are thought to play an important role in chromatin structure.
High-mobility-group (HMG) proteins are a class of abundant nonhistone chromosomal proteins found in the eukaryotic nucleus. HMG proteins have been studied extensively in vertebrates and because of their relative abundance, high degree of conservation, and DNA-binding properties, are thought to play an important role in chromatin structure. Originally identified in the early 1960s as acidic impurities in histone Hi preparations (31) , HMG proteins and their genes from a variety of vertebrates have been isolated and characterized (9) . Nuclei from these organisms contain at least four major types of HMGs, which are divided into two classes on the basis of their electrophoretic and biochemical properties (20, 21, 50) . HMG 1 and HMG 2 have a molecular weight of approximately 28,000, have similar structures, and share greater than 80% amino acid sequence identity. HMG 14 and HMG 17 are similar to each other in size (molecular weight, 9,000 to 11,000) and structure and share greater than 90% amino acid sequence identity. Recently, a fifth class of HMG proteins has been isolated from mammalian tissue culture cells (57) . The HMG I (Y) proteins have properties similar to those of the HMG 14 and 17 group. All HMG proteins bind DNA, are extractable from nuclei with 0.35 M NaCl, and are soluble in 5% perchloric acid (PCA). They also have an unusual amino acid composition, with a high content of charged amino acids (20 to 30% acidic and 25% basic) and a proline content of 7 to 10% (22) . It has been estimated that there is one molecule of HMG 1 and 2 for every 3,000 bp of DNA and one molecule of HMG 14 and 17 for every 2,000 bp of DNA in vertebrate nuclei (19) . HMGlike proteins and their genes from several lower eukaryotes, including Saccharomyces cerevisiae (23, 35, 36, 48) , Tetrahymena pynformis (24) , and Tetrahymena thermophila (38, 53, 54) , have also been identified. Despite the fact that much is known about the HMG proteins, their function in the nucleus remains undefined and controversial. 1 and 2 proteins point to a role in DNA replication and repair. These proteins preferentially bind single-stranded DNA but will also bind double-stranded DNA (29) . Bianchi and coworkers (7) have demonstrated that HMG 1 interacts with cruciform DNA. Other reports have suggested that the HMG 1 and 2 group might act in both nucleosome disassembly and reassembly during transcription (47) . There appear to be at least two subpopulations of the HMG 1 and 2 family of proteins: one that is tightly bound to nucleosomes and one that is rapidly released from the chromatin upon digestion with micrococcal nuclease.
Investigation into the function of the HMG 14 and 17 class has been stimulated by the hypothesis that these proteins may play a role in establishing an active chromatin structure (61) . Studies have shown that HMG 14 and 17 bind DNA (1, 11) but have a higher affinity for DNA within nucleosomes than for naked DNA (43, 49) . Partial nucleosome reconstitution studies and DNA-protein cross-linking have demonstrated two specific binding sites for these proteins on the nucleosome, placing them on the internal side of the DNA helix where the DNA enters and exists the nucleosome (42, 49, 55) . The HMG I (Y) class of proteins is expressed in rapidly dividing, undifferentiated cells (33) . HMG I from the mouse (previously referred to as a-protein) has been shown to bind preferentially to A+T-rich, double-stranded DNA sequences (57) .
While structural information and data on characteristics of DNA and nucleosome binding have been obtained for the vertebrate HMG proteins, it has not been possible to determine their function in vivo. Because of the ease with which biochemical, genetic, cytological, and molecular approaches can be combined, Drosophila melanogaster provides an excellent system in which to study the HMG proteins. Previous studies in D. melanogaster have identified two nuclear proteins with HMG-like properties; one, A13, is similar in amino acid composition to vertebrate HMG proteins (6) , and the other, Dl, has sequence similarity to vertebrate HMG I, although it is a much larger protein (molecular weight of 37,005 versus 10,000) (2, 5 
MATERIALS AND METHODS
Protein isolation and amino acid composition. One hundred grams of 6-to 18-h-old Drosophila embryos was collected and frozen at -80°C as previously described (45) . Nuclei were isolated as described by Gilmour et al. (17) . The pelleted nuclei were divided into four equal portions, and each portion was resuspended in 20 ml of one of the following reagents: 0.35 M NaCl, 5% PCA, 10 mM spermine, or 10 mM EtBr. Each nuclear suspension was homogenized, and the nuclear debris was pelleted at 20,000 x g for 10 min. The supernatant from each (containing the extracted nuclear proteins) was dialyzed separately for at least 6 h against 0.1% acetic acid at 4°C. The extracts were lyophilized and resuspended in 500 ,ul of phosphate-buffered saline prior to analysis by gel electrophoresis.
The extracted nuclear proteins were analyzed by using several different polyacrylamide gel systems, including sodium dodecyl sulfate (SDS), Triton X-100-acetic acid-urea, acetic acid-urea (56) , and SDS-urea (39) .
The HMG D band from each extract was cut out from an SDS-12.5% polyacrylamide gel, and the protein was electrophoretically eluted by the method of Hunkapiller et al. (28) . The protein samples were hydrolyzed with 6 N HCI vapor for 18 to 24 h at 100°C in vacuo. Hydrolysates were dissolved in Na-S sample dilution buffer (Beckman Instruments, Palo Alto, Calif.) and analyzed on a Beckman model 6300 amino acid analyzer.
Protein purification and amino acid sequencing. One hundred grams of 6-to 12-h-old Drosophila embryos was used to isolate nuclei as described above. The embryos were resuspended in 75 ml of 5% PCA and homogenized, and the nuclear debris was pelleted. The supernatant was concentrated (in the presence of 0.1 mM phenylmethylsulfonyl fluoride and 1 ,ug of leupeptin per ml) against dry polyethylene glycol 6000 at 4°C. The concentrated extract, approximately 35 Purified HMG D (as described above) was trichloroacetic acid precipitated, resuspended in 5% acetic acid containing pepsin at a concentration of 1/50 (wt/wt), and digested for 30 min at 37°C. Approximately 10 ,g of the digested HMG D was trichloroacetic acid precipitated and resuspended in sample buffer; the peptides were separated by urea-SDS-12.5% polyacrylamide gel electrophoresis (25) and then transferred to Immobilon (Millipore), using 0.1 M H3PO4-15% methanol as the transfer buffer. The membrane was treated essentially as described by Matsudaira (44) ; the largest of the peptides was cut out for amino acid sequencing. The peptide was sequenced directly from Immobilon, using an Applied Biosystems 470A protein sequencer.
Oligonucleotide synthesis and PCR. Two degenerate oligonucleotides (5'-NCCPuTTNGCPyTCPuAAPyTT-3' and 5'-GAPuGCNAAPuGCNGCNAAPuGC-3') were synthesized. A polymerase chain reaction (PCR) was performed in a 100-,ul volume containing 50 mM KCl, 10 mM Tris-Cl (pH 8.3), 1.5 mM MgCl2, 0.01% gelatin, 200 ,uM (each) deoxynucleoside triphosphate (dNTP), and 2.5 U of Taq polymerase (Perkin Elmer/Cetus) with 100 ng of cDNA library (0-to 4-h Drosophila embryo library) and 500 ng (0.1 nmol) of each of the primers. The following program was used: 94°C, 1 min; 41°C, 2 min; increased slowly (1 min) to 72°C, 3 min; repeated for 30 cycles. The reaction products were analyzed by lx TBE (Tris-borate-EDTA)-10% polyacrylamide gel electrophoresis.
cDNA clone isolation and sequencing. A 0-to 4-h cDNA library was screened essentially as described by Brown and Kafatos (8), using the 65-bp PCR-amplified product obtained with the degenerate oligomers. This 65-bp fragment was labelled with a-32P-labelled dNTPs, using PCR under the conditions described above. Hybridization conditions were as follows: 0.5 M Na2HPO4, 1% bovine serum albumin, 7% SDS, 1 mM EDTA (13) , and 50 ,ug of salmon sperm DNA with the 65-bp PCR a-2P-labelled fragment. Hybridization was performed at 65°C for 12 to 24 h. The filters were washed three times for 15 min each time at 65°C with 40 mM Na2HPO4-1% SDS and exposed to film. Positive clones were picked and rescreened as described above until single colonies were obtained.
DNA was prepared from the single colonies and digested with EcoRI and HindIII to determine the size of each insert. Each insert was subcloned into either mpl8, mpl9, pUC118, or pUC119. The nucleotide sequences of both strands of the 0.95-kb cDNA and one strand of the 1.3-kb cDNA were determined by the ddNTP chain termination reaction (51), using Sequenase (U.S. Biochemical).
DNA sequence analysis. Sequences were compiled and analyzed by using the Genetics Computer Group computer software programs. The EMBL/GenBank data bases were searched for homologies to the DNA and protein sequences of HMG D.
Preparation of genomic DNA and Southern blot analysis. Adult flies (0.1 g) were homogenized in a ground glass homogenizer in 2 ml of grinding buffer (0.1 M Tris [pH 9.1], 0.2 M sucrose, 50 mM EDTA, 0.5% SDS). The suspension was heated for 30 min at 65°C, 0.3 ml of 8 M potassium acetate was added, and the suspension was placed on ice for 30 min. The insoluble material was pelleted by spinning at 20,000 x g for 15 min at 4°C. The supernatant was extracted with phenol-chloroform; 1 volume of ethanol was added to the aqueous layer, the sample was left at room temperature for 5 min, and the DNA was pelleted by spinning at 20,000 x g for 10 min at 4°C. The pellet was rinsed with 70% ethanol and allowed to drain dry.
Approximately 7-,ug samples of genomic DNA were digested with various restriction enzymes and size separated by electrophoresis on a 1% agarose gel; the DNA was then transferred to Nytran (Schleicher & Schuell). cDNA inserts were labelled with [a-32P]dCTP (15) . Hybridization and washing conditions were as described above.
Chromosomal in situ hybridization. In situ hybridization to salivary gland polytene chromosomes was carried out as described by Cai et al. (10) , using the 1.3-kb HMG D cDNA labelled with biotinylated dCTP.
Preparation of RNA and Northern (RNA) blot analysis.
Total RNA from different developmental stages of D. melanogaster was prepared by hot phenol-chloroform extraction (34) . Approximately 5 ,ug of the staged RNA was size separated by electrophoresis on a 1.2% agarose-2% formaldehyde gel and transferred to Nytran. The 65-bp HMG D fragment obtained from PCR as described above was labelled with a-32P-labelled dNTPs, using PCR under the same conditions. Hybridization and washing conditions were as previously described. To control for equal loadings, the filter was simultaneously hybridized with the [a-32P]dCTP-labelled RP49 clone (58) .
Developmental protein profile. Nuclei were isolated from different embryonic stages of D. melanogaster, and nuclear proteins were extracted with 5% PCA as described above. Separate samples of larvae, pupae, adult females, and adult males were frozen and ground in liquid nitrogen, and total proteins were extracted with 5% PCA. The insoluble material was removed by centrifugation, and the soluble proteins were precipitated by trichloroacetic acid (final concentration, 20%). The samples could not be standardized for equal loading. The proteins were resuspended in 10 ,ul of sample buffer (0.1 M HCl, 9 M urea, 0.715 M P-mercaptoethanol, 0.02% pyronin Y) and size separated by acetic acid-ureapolyacrylamide gel electrophoresis; the proteins were visualized by staining the gel with Coomassie blue.
Gel retardation assays. The histone H3/H4 S/X promoter fragment (17) was labelled with [-y-32P]ATP and T4 polynucleotide kinase. Column-purified HMG D was added to a 12.5-,ul reaction mixture containing approximately 2 ng of labelled DNA, 5 mM HEPES (pH 7.9), 0.2 mM dithiothreitol, 0.02 mM EDTA, 5% glycerol, and between 70 and 120 mM NaCl and was incubated for 15 min at room temperature. The reaction products were loaded directly onto a preelectrophoresed, 4% nondenaturing, 25 mM TBE-polyacrylamide gel. After electrophoresis for 2 h at 200 V at 4°C, the gel was dried and exposed for autoradiography.
RESULTS
Drosophila melanogaster contains one abundant HMG protein, HMG D. Our initial search for Drosophila HMG proteins was based on the biochemical characteristics that define HMG proteins in higher eukaryotes: molecular weight, solubility properties, and amino acid composition. Nuclei from 6-to 18-h D. melanogaster embryos were isolated (17) , and nuclear proteins were extracted by homogenizing the nuclei in one of four reagents known to extract HMG proteins from vertebrate organisms: 0.35 M NaCl (32), 5% PCA (32), 10 mM spermine (24), or 10 mM EtBr (52) . Each of these extracts contained one low-molecular-weight protein which migrated identically, as analyzed by several different gel systems, including acetic acid-urea-polyacrylamide gel electrophoresis (Fig. 1A) , SDS-polyacrylamide gel electrophoresis (Fig. 1B) , and Triton X-100-acetic acidurea-polyacrylamide gel electrophoresis (data not shown). This abundant protein did not comigrate with any of the known histones (Fig. 1A) , and it is the only protein recovered by all four extraction procedures. HMG D has an estimated molecular weight of 14,500, as determined by SDS-urea-polyacrylamide gel electrophoresis (data not shown) (39) .
To establish that the putative HMG D protein identified from the different extracts was the same protein, we determined the amino acid compositions of the protein recovered from each of the extraction procedures. Nuclear protein extracts were prepared by using either 10 mM spermine, 10 mM EtBr, or 5% PCA and were subjected to SDS-polyacrylamide gel electrophoresis. The gel was stained with Coomassie blue, and the putative HMG D bands from the different extracts were cut out of the gel. The proteins were electroeluted from the gel (28) and subjected to acid hydrolysis. The amino acid compositions from these three bands were the same and confirmed the identification of HMG D. HMG D has an amino acid composition similar to that of previously identified HMG proteins, with 24% total acidic amino acids and 24% total basic amino acids. HMG D appears to be the same protein as the previously reported A13 (6). We have classified this protein as a member of the HMG protein family on the basis of its solubility properties, molecular weight, and amino acid composition.
Using column chromatography, we purified HMG D. Figure 2A displays (Fig. 3) .
On the basis of the peptide sequence obtained, two degenerate oligonucleotides (Fig. 3) were synthesized for use in a PCR. The template for the reaction was a 0-to 4-h Drosophila embryo cDNA library (8) . The expected product of the correctly amplified DNA fragment would be 65 bp. When the products of the PCR were separated by polyacrylamide gel electrophoresis, the expected 65-bp fragment was seen. This fragment was eluted from the gel, subcloned, and sequenced. The deduced peptide sequence from the obtained DNA sequence corresponded exactly to the previously determined amino acid sequence.
We then screened the same cDNA library to obtain a full-length cDNA encoding the HMG D protein, using the 65-bp fragment as a probe. Of three colonies showing strong hybridization, two had an insert of 0.95 kb and the other had an insert of 1.3 kb.
The 0.95-kb insert was sequenced completely (Fig. 3) . We identified an open reading frame which had a translation initiation codon in a good context based on the consensus sequences put forth by Cavener (12) (40) . Neither HMG D mRNA is seen in the adult male, but both transcripts are present in the adult female. The observation that the transcripts are abundant in the adult female and in the 0-to 2-h embryo suggests maternal loading of the HMG D transcripts into the oocyte (41) .
To examine the developmental profile of the HMG D protein, we obtained proteins soluble in 5% PCA from isolated nuclei (embryonic stages) or from whole organisms (larvae, pupae, and female and male adults). Proteins were electrophoresed and visualized by Coomassie blue staining. It was difficult to standardize for equal loading of the PCA protein extracts; however, the amount of histone Hi per haploid genome can be assumed to be approximately constant, which provides each lane with an internal control. The results (Fig. 7B) A family of transcription factors that have in common a DNA-binding motif with similarity to HMG 1, the so-called HMG box, has recently been identified (30) . Some of these transcription factors are very specific in their pattern of tissue expression and in their biological role; for example, T-cell-specific transcription factor TCF-la, present only in the thymus, has an HMG box that directs binding to 5'-PyCT'TTG-3" (60) . In contrast, UBF, a nucleolar transcription factor with an HMG box, binds preferentially to G+C-rich regions of DNA (30) . It appears that the HMG box indicates a common ancestor from which UBF and other specific DNA-binding structures have evolved (30) . The major vertebrate HMG proteins show relatively little sequence specificity in binding to DNA, but a strong preference for a sequence of six or more consecutive A-T base pairs has been reported for the mammalian HMG I (57) .
In (57) . HMG I has a preference for binding A+T-rich sequences and has been shown to make both phosphate contacts and extensive minor groove contacts with duplex DNA (57 
